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[57] ABSTRACT

The improved diamond composite (10) exhibits in-
creased oxidation resistance at elevated temperatures, as
well as anti-reflective properties. The composite (10)
includes a diamond (12), the surfaces (14) of which are
protected by an adherent coating (16) consisting essen-
tially of a layer (18) of hafnium carbide adhering and
chemically bonded to the diamond (12), a layer (20) of
hafnium oxy-carbide adhering and chemically bonded
to the hafnium carbide layer (18) and an oxidation-
resistant layer (22) of hafnium oxide adhering and
chemically bonded to the hafnium oxy-carbide layer
(20). Preferably, the coating (16) is sufficiently thin so
that it or at least the hafnium oxide layer (22) thereof
has about one-quarterwavelength thickness. The
method of forming the composite (10) employs sputter-
ing hafnium metal in an argon atmosphere, preferably at
about 100-150 degrees Celsius, to form the hafnium
carbide layer (18), then continuing the sputtering in an
oxygen and argon mixture to first form the hafnium
oxy-carbide layer (20) and then the hafnium oxide layer
(22). The sputtering is followed by heat treating the
composite (10) in an oxygen atmosphere at preferably
about 350-450 degrees Celsius for about 4-24 hours to
assure full utilization of the hafnium metal. This method
is simple, inexpensive and effective.

8 Claims, 1 Drawing Sheet
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OXIDATION RESISTANT DIAMOND
COMPOSITE AND METHOD OF FORMING TH
-~ SAME |
5
This 1s a division of application Ser. No. 07/997,389,
filed Dec. 28, 1992, now U.S. Pat. No. 5,308,688. |

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to diamond
composites and more particularly to diamond compos-
ites exhibiting improved high-temperature-oxidation-
resistance and anti-reflective properties.

2. Description of the Related Art

Diamond offers a number of well-known desirable
physical properties including hardness, toughness, opti-
cal clarity, high index of refraction, etc. which render it
potentially useful in various electronic and optical de-
vices. However, until recently diamond was commer-
cially available only in relatively small and usually sub-
stantially occluded pieces. The synthetic production of
diamond now has reached a stage where relatively large
pieces of diamond of good optical clarity are available
at reasonable prices. Accordingly, there is now an op- 25
portunity to use synthetic diamonds in a wide variety of
devices.

Some potential applications for diamonds are in envi-
ronments, however, where they would be exposed to
elevated temperatures in oxidizing atmospheres. Unfor-
tunately, when a diamond is exposed to oxygen above
550 degrees Celsius, it reacts readily with oxygen to
form carbon dioxide, and thus the diamond is vapor-
1zed.

Therefore, it would be highly desirable to be able to 35
provide means for inexpensively and efficiently protect-
ing diamonds against oxidation at high temperatures.
Any oxidation-resistant high-temperature-protective
coating would have to strongly adhere to the diamond
for maximum long-term protection. Moreover, it should 40
not degrade the optical properties of the diamond. Such
coating should be capable of being formed on the
diamond without damage to the diamond and by means
of an inexpensive and rapid method. An added benefit
would result if the coating could provide the diamond 45
surface with anti-reflective properties.

SUMMARY OF THE INVENTION

The improved method of the present invention and
the diamond composite produced by the method satisfy 50
all the foregoing needs. The method and composite are
substantially as set forth in the Abstract of the Disclo-
sure.

Thus, the method comprises RF (radio frequency)
sputtering hafnium metal onto the surfaces of a diamond 55
In an oxygen-free argon atmosphere while maintaining
the diamond at an elevated temperature not in excess of
about 400 degrees Celsius, preferably about 100-150
degrees Celsius, to form in situ a layer of hafnium car-
‘bide which strongly adheres to the diamond surfaces. 60
The sputtering is typically carried out at about 5-25
milliTorr pressure and at a power level of less than
about 1 KVA with a conventional RF sputtering cham-
ber. The sputtering is continued while and after oxygen
s introduced into the argon atmosphere, preferably at
about 10-40 volume percent of oxygen. This results in
the formation of an adherent layer of hafnium oxy-car-
bide on the exposed surfaces of the hafnium carbide
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layer. Sputtering is then continued under the same con-
ditions until an adherent layer of hafnium oxide is
formed on the exposed surfaces of the hafnium oxy-car-
bide layer.

These layers form a unitary coating which is high-

temperature-oxidation-resistant and which tightly ad-
heres to the diamond surface for maximum protection.
The coating plus the diamond form the desired compos-
ite.
The thickness of the layers in the coating is con-
trolled so that the optical properties of the diamond are
not 1mpaired. The hafnium carbide layer is preferably
less than 200 angstroms thick, the hafnium oxy-carbide
layer is preferably less than 600 angstroms thick and the
hafnium oxide layer is preferably only about one-quar-
terwavelength optical thickness at a desired wave-
length. Preferably, the coating has a desired anti-reflec-
tive property. This method is simple, inexpensive and
efficient, and the resulting composite is very durable,
significantly increasing the utility of the diamond.

Various other features of the improved method and
composite of the present invention are set forth in the
following detailed description and drawings.

BRIEF DESCRIPTION OF THE DRAWING

A better understanding of the present invention may
be gained from a consideration of the single FIGURE
which is an enlarged schematic cross-section, partly
broken away, of a preferred embodiment of the im-
proved diamond composite of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

A preferred embodiment of the improved diamond
composite of the present invention is schematically
depicted in the single FIGURE of the accompanying
drawing. Here is shown composite 10 which comprises
a diamond 12 having a surface 14 to which coating 16 is
tenaciously adhered. Coating 16 comprises a layer 18 of
hafnium carbide directly against and chemically bonded
to surface 14, a layer 20 of hafnium oxy-carbide adher-
ing and chemically bonded to layer 18 and a layer 22 of
hafnium oxide adhering and chemically bonded to layer
20. Coating 16 is integral and unitary in that layers 18,
20, and 22 thereof are tightly and permanently chemi-
cally interconnected. It will be understood that layers
18, 20 and 22 are not necessarily shown in true propor-
tional thicknesses in the figure. |

Layer 22 is directly exposed to the atmosphere and
surface 14 of diamond 12 is fully protected from the
atmosphere by coating 16 so that diamond 12 does not
oxidize in an oxygen atmosphere at very high tempera-
tures. The hafnium oxide layer 22 is fully resistant to
high temperature oxidation.

If layer 22 were applied directly to surface 14, it
would not tightly and permanently adhere thereto. A
chemical bond is necessary for strong bonding of
diamond to an oxide. But hafnium oxide does not chem-
ically bond to diamond. Instead, the described multi-
layer coating 16 is required for tenacious adhesion of
layer 22 of hafnium oxide over the surfaces of diamond
12 to fully protect it.

In order to form the necessary chemical bond, inter-
mediate layers 18 and 20 are required. Thus, the carbon
of the diamond must first chemically bond to layer 18 of
hafnium carbide formed of sputtered hafnium metal and
diamond carbon. Hafnium oxy-carbide is then formed
from oxygen and chemically bonds as layer 20 to the
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hafnium carbide layer 18 in the presence of oxygen. It is
to the hafnium oxy-carbide layer 20 that the hafnium

oxide chemically bonds as layer 22, completing the

formation of tenacious chemically bonded coating 16

around diamond 12. ,

Preferably, coating 16 is very thin, fully transparent
and non-reflective. For this purpose it is preferred that
the hafnium carbide layer 18 be less than about 200
angstroms thick, while the hafnium oxy-carbide layer
20 1s less than about 600 angstroms thick and the haf-
nium oxide layer 22 is sufficiently thin to provide a
quarterwavelength optical thickness (QWOT) at the
desired wavelength application. The resulting diamond
composite 10 has superior properties enabling its use in
high temperature oxidative environments which would
rapidly degrade unprotected diamonds.

The improved method of the present invention is

3
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directed to the formation of the oxidation-resistant

diamond composite. The method comprises the follow-
ing steps:

1. Sputtering hafnium metal onto the surface of a
selected diamond substrate in an oxygen-free argon
atmosphere until hafnium carbide forms as a layer
on, and chemically bonded to, the diamond sur-
faces;

2. Continuing the sputtering while and after introduc-
Ing a controlled concentration of oxygen into the
argon atmosphere, thereby forming an adherent
layer of hafnium oxy-carbide on, and chemically
bonded to, the hafnium carbide layer; and

3. Further continuing the sputtering in the oxygen
and argon atmosphere until an adherent layer of’
oxidation-resistant hafnium oxide forms on and is
chemically bonded to the hafnium oxy-carbide
layer.

The thus-depos:ted layers chemlcally bond to each
other in adjacent pairs to form the desired unitary coat-
ing which is strongly adherent to the underlying sur-
faces of the diamond.

It will be understood that inasmuch as steps 2 and 3
utilize the same processing conditions, they can be
viewed, if desired, as, respectively, the earlier and later
stages of the same step, differing only in the type of
adherent layer being' formed.

A fourth step is then carried out to heat treat the
composite in oxygen until essentially all the hafnium
metal which has been deposited durmg the sputtering
steps has been utlhzed (reacted) in the layers of the
- coating.

The first three steps of the present method are carried
out n an RF sputtering device utilizing preferably
about 5-25 milliTorr pressure, with a power level pref-
erably less than about 1 KVA. The device typically
employs a substrate heater, 2 KVA sputtering power
supply, 600 watt back sputtering power supply, magnet
assisted plasma containment device (MAGNETRON)
and high vacuum evacuation system.

In the first step, oxygen-free argon forms the atmo-
sphere in the device, while in the next two steps oxygen
1s also present with the argon, in a volume concentra-
tion of the oxygen to the argon of about 10-40 percent.
The temperature of the diamond surfaces in the first

three steps is not in excess of about 400 degrees Celsius,

but much preferably 1s about 100-150 degrees Celsius.
Heating the diamond to that preferred temperature
. range limits the thickness of the hafnium carbide layer
to less than about 200 angstroms, an ideal thickness for
most purposes. Heating the diamond to up to about
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400-450 degrees Celsius would result in a substantially
thicker hafnium carbide layer, up to about 400 ang-
stroms, which would compromise the adhesion of the
hafnium oxy-carbide and the hafnium oxide to the
diamond. Heating to above about 550 degrees Celsius
would oxidize the dlamond in steps 2 and 3 of the
method.

The sputtering in the first step 1s preferably camed
out until about 200-300 angstroms of hafnium metal
have been deposited. The sputtering in the next two
steps 1s preferably carried out until the thickness of the
final coating is sufficient for optimal protection while
retaining optical transparency. The sputtering in steps 2
and 3 is preferably carried out until the coating thick-
ness 18 QWOT (quarterwave optical thickness) at the
desired wavelength. Typical for most applications is a
wavelength of about 10.6 microns. The QWOT is 10.6,
divided by 4 and the refractive index of the diamond

‘material (1.9). This equals 1.39 microns, or 13,900 ang-

stroms. |

The fourth step of the present method is carried out
by heating the composite in air at about 350-450 de-
grees Celstus for about 4-24 hours until all sputtered
hafnium metal has been reacted in the coatin g of the
composite. |

The following specific examples further lllustrate
certain features of the present method.

EXAMPLE I

A generally rectangular, flat, about 1 carat diamond
piece was first cleaned and degreased and then mounted
m a conventional RF sputtering deposition chamber.
The pressure in the chamber was reduced to 12 milli-
Torr and the gas in the chamber was 100 percent argon.
Planetary rotation of the sample in the chamber was set
to 25 percent of maximum. The system tooling factor

~was set at 86, resulting in readings 8.8 times actual read-

ings, but allowing the system to operate in an optimal
dynamic range. Backsputtering was then carried out for
5 minutes, followed immediately by sputtering hafnium
metal to a thickness reading of 2200 angstroms, utilizing
an automatic sputter rate of 4 angstroms per second.
The gas composition was then immediately changed
in the sputtering chamber to 60 volume percent argon
and 40 volume percent oxygen at the previously indi-
cated pressure while sputtering was continued at a con-
stant RF power of 350 watts and until a hafnium oxide
layer thickness reading of 1000 angstroms was obtained.
The system was then turned off and the diamond was
allowed to cool, after which the system was opened and
the diamond was then turned over and the entire coat-
ing process was repeated. Thereafter the fully coated
diamond was removed from the sputtering chamber, -
placed in an air furnace and heated at 400 degrees Cel-
sius for 15 minutes, then removed and cooled in air to
provide the finished composite. The composite was
high-temperature oxidation-resistant, and had a
strongly adherent coating over all diamond surfaces,
which coating was non-reflective and transparent. The
method was shown to be rapid, inexpensive and effec-

tive to provide the desired composite.

EXAMPLE 1l

A second diamond sample substantially identical in
size and shape to that of Example I was coated substan-
tially in accordance with the method of Example I to
provide a high-temperature, oxidation-resistant com-
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posite. The parameters of Example I were changed only
as follows:

1) Backsputtering was carried out at 40 milliTorr
with sputtering at 8 milliTorr in argon and at 14
milhiTorr in the oxygen-argon mixture.

2) An automatic sputtering rate of 0.4 angstroms per
second was used in the oxygen-argon mixture to a
maximum thickness reading of 11,400 angstroms
for the hafnium oxide. The results obtained were
substantially similar to those obtained with Exam-
ple 1. R

It will be understood that the present method can be
carried out utilizing parameters which differ somewhat
from those specified above and that the resulting coat-
ing can differ somewhat in its thickness and the relative
thicknesses of the layers of which it is composed. Vari-
ous other modifications, changes, alterations and addi-
tions in the present method, its steps and parameters and
in the present composite, its components and parame-
ters can be made. All such modifications, changes, alter-
ations and additions as are within the scope of the ap-
pended claims form part of the present invention.

What is claimed is: | '

1. An improved method of forming an oxidation-
resistant diamond composite by treating a diamond
having at least one exposed surface, said method com-
prising the steps of: |

a) sputtering hafnium metal onto said exposed surface
of said diamond in an oxygen-free argon atmo-
sphere while maintaining said surface at an ele-
vated temperature sufficient to promote the forma-
tion of hafnium carbide on said surface, said tem-
perature not being in excess of about 400 degrees
Celsius, said temperature being maintained until
hafnium carbide forms on said surface and is chemi-
cally bonded thereto:;

b) continuing said sputtering at said elevated temper-
ature while introducing oxygen into said argon
atmosphere, thereby forming a layer of hafnium
oxy-carbide chemically bonded to said hafnium
carbide layer; and
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forms and is chemically bonded to said hafnium
oxy-carbide layer, said three layers collectively
forming an oxidation-resistant coating chemically
bonded to said diamond surface through said haf-
nium carbide layer to provide an improved
diamond composite. |
2. The improved method of claim 1 wherein said
composite, after said sputtering steps are completed, is
heat treated in an oxygen atmosphere until essentially
all of the hafnium deposited during said sputtering has
been reacted and free hafnium metal is essentially absent
in the composite, said heat treating being effected at a
temperature and for a time sufficient to assure the essen-

- tially complete utilization of said hafnium metal.
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c) thereafter continuing said sputtering in said oxygen

and argon atmosphere at said elevated temperature
until a layer of oxidation-resistant hafnium oxide
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3. The improved method of claim 2 wherein said heat
treatment 1s carried out at about 350450 degrees Cel-
sius for about 4-24 hours.

4. The improved method of claim 1 wherein said
elevated temperature during said sputtering is about
100-150 degrees Celsius.

5. The improved method of claim 4 wherein said
sputtering in said oxygen and argon atmosphere is con-
tinued until said hafnium oxide layer has about one-

“quarterwavelength optical thickness at a desired wave-

length.

6. The improved method of claim 5 wherein said
method 1s carried out until said hafnium carbide layer is
not m excess of about 200 angstroms thick, said hafnium
oxy-carbide layer is not in excess of about 600 ang-
stroms thick and said coating has both high-tempera-
ture-oxidation-resistance and anti-reflective properties.

7. The 1mproved method of claim 1 wherein said
sputtering in said oxygen-free argon atmosphere is car-
ried out until about 200300 angstroms of hafnium metal
have been deposited, and wherein said sputtering in a
mixture of oxygen and argon is carried out until the
thickness of said coating is not in excess of about one-
quarterwavelength optical thickness. -

8. The improved method of claim 7 wherein said
sputtering is effected at about 5-25 milliTorr pressure
and at a power level less than about 1 KVA, and
wherein said oxygen is in a volume concentration to

said argon in said atmosphere of about 10-40 percent.
X %X X %x *
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